Within the IEB framework, the Chair of Energy Sustainability promotes research into the production, supply and use of the energy needed to maintain social welfare and development, placing special emphasis on economic, environmental and social aspects. There are three main research areas of interest within the program: energy sustainability, competition and consumers, and energy firms. The energy sustainability research area covers topics as energy efficiency, CO2 capture and storage, R+D in energy, green certificate markets, smart grids and meters, green energy and biofuels. The competition and consumers area is oriented to research on wholesale markets, retail markets, regulation, competition and consumers. The research area on energy firms is devoted to the analysis of business strategies, social and corporative responsibility, and industrial organization. Disseminating research outputs to a broad audience is an important objective of the program, whose results must be relevant both at national and international level.
INTRODUCTION
The energy sector is facing major challenges in most of its activities and segments. The main challenges are related to the mitigation of climate change, increasing efficiency and to guaranteeing energy security. Many recent reports and papers (Anadon et Kim et al., 2012; Sterlacchini, 2012) and, to our knowledge, the effect of the whole set of obstacles to innovation in the energy industry has not been empirically analysed.
The analysis is carried out for energy supply utilities and distinguishes on the one hand those factors influencing the decision about whether to do R&D or not, and on the other, those that affect the relative amount of resources devoted to R&D. In addition, the effects of financial barriers and other obstacles to innovation are examined. In particular, we analyse how the existence of dominant incumbents is affecting innovation. Therefore, the main research questions of this paper are to examine why R&D investment and innovation levels in the energy industry are so low in comparison with other sectors and in what way the peculiarities of the energy industry may be influencing its innovative behaviour.
Innovation in the energy industry may be driven by some specific forces and face specific barriers related to the characteristics of the innovation activities in this industry.
Some of the characteristics that may affect the innovative behaviour of the firms and the low level of R&D investment in this sector are the large scale of the R&D projects, the dominance of existing technologies, preference for incremental innovations or the greater size of the firms in this sector that may allow them to overcome financial barriers more easily than firms in other sectors. The identification of the R&D drivers and the factors that hamper innovation in the energy industry has significant policy implications that are important for the design of adequate instruments to incentivize R&D investment in this sector.
The analysis of the drivers that explain business investments in R&D and the obstacles to innovation in the energy industry is carried out taking into account the current competitive situation after the liberalisation reforms. Recent literature shows that there has been a significant reduction in the R&D expenditure of energy firms and that the R&D strategies of firms are more oriented towards increasing efficiency and to shortterm objectives (Sterlacchini, 2012) . Competition compels firms to provide electricity fulfilling quality and efficiency requirements and the R&D and the innovation effort is related to the realisation of profits and oriented to market objectives.
After this introduction, the paper is organized as follows. The next section provides a brief discussion of the main characteristics and peculiarities of R&D and innovation activities in the energy industry. The third section describes the database, presents the specification of the model and explains the variables used. The fourth section discusses the econometric estimation and presents the estimation results. The paper ends with a concluding section which also presents policy implications and proposals for future research.
R&D AND INNOVATION IN THE ENERGY INDUSTRY
The energy industry, despite its importance in the economy, has traditionally shown a low level of expenditure on R&D. Moreover, with the liberalisation process started in the early 1990s there has been a decrease in R&D investments, both in the United States and in the majority of European countries. In addition, this process has brought with it profound changes in the energy industry that have affected the drivers of R&D and the barriers to innovation and, therefore, the R&D investment decisions of firms. The liberalization process in the energy sector was designed to create a new institutional framework to benefit consumers and foster welfare. In a competitive environment, energy is offered in conditions of cost and quality efficiency and these attributes are transferred to the consumer through prices. As Joskow (2008) argues, these benefits can be realized by relying on competitive wholesale markets for power to provide better incentives for controlling the construction and operating costs of new and existing generating capacity, to encourage innovation in power supply technologies and to provide incentives for network operators to deliver appropriate levels of service quality.
With retail competition, suppliers are expected to offer an enhanced array of retail service products, risk management, demand management, and new opportunities for service quality differentiation to better match individual consumer preferences.
Under competitive market conditions utilities should reduce costs and adapt to demand.
In such a framework, energy firms adopt new competitive strategies focused on efficiency in processes to reduce costs and increase margins, on the one hand, and on differentiation in contracts, on the other, given that energy is a homogenous product (Jamasb and Pollit, 2008). Apparently the only effective competitive differentiation strategies are those based on the type of contract, whether it is on the wholesale market or on the retail market . The R&D and innovation projects that take a long time to mature are displaced by those with rapid implementation and returns. In addition, the low growth rate of demand for electricity in OECD countries (IEA, 2012) also forces utilities to give up long-term projects (Jamasb and Pollit, 2008; . This change in R&D partially explains the lower volumes of investment in the energy sector under competition (Jamasb and Pollit, 2008, Starlacchini, 2012) . More importantly, the liberalisation process may have modified the structure of incentives faced by energy firms. Consequently, the level and composition of their R&D expenditures may have been changed both as a response to the new market conditions and to the increased uncertainties imposed by greater competitive pressure.
However, there are some forces that may also foster R&D. Sanyal and Cohen (2009) list the following. First, R&D expenditure increases the firm's absorptive capacity, hence contributing to more efficient R&D projects in the future and to the ability to enjoy benefits from spillovers derived from R&D expenditure by competing firms and even firms in other sectors. Second, firms may conduct research on several technology options and thus increase the research budget. Third, R&D could be a substitute for ordinary investment if it places the firm in a position to invest more rapidly in new technology once the optimal investment strategy is revealed. Finally, in a competitive environment firms will face a situation of relatively more elastic demand, in which the firm knows that a small technological success -and a small price decrease-can represent a large number of new customers.
The market-based model implemented necessarily leads to short-term objectives. In a context in which the new regulatory framework does not allow the recovery of the total costs of long-term R&D; firms will change their objectives and reduce the volume of investment (Sterlacchini, 2012) . In competitive conditions utilities try to maximise their profits and increase their market value at the expense of investments with sunk costs or with very long-term returns, such as R&D. Sanyal and Ghosh (2012) calculate that the negative impact of competition on innovation more than compensates for the positive impact derived from the appropriability effect.
Technology and innovation in the energy sector show some peculiarities that make them different vis-à-vis other sectors in the economy. Market failures related with R&D activities are more intense in the energy sector. Indivisibility, spillovers and uncertainty affect energy R&D in a significant way (Jamasb and Pollit, 2008). argues that the main cause of the decline of R&D in the sector is increased uncertainty that mostly affects investment decisions, an argument raised previously by Dooley (1998).
Similarly, the close relationship with the environment explains why investments in R&D in the energy sector produce greater positive externalities than other activities.
The existence of spillovers creates problems of appropriability and reduces private incentives for investment Nesta, 2010, Salies, 2010; Kim et al., 2012) .
The characteristics of competitive energy industries have effects on R&D investments.
First, the process of total or partial privatisation has meant the practical disappearance of the old public monopolies. Part of the literature argues that the model of ownership is a significant variable in understanding the causes of the fall in R&D. Sterlacchini (2012) states that in a competitive environment public ownership maintains higher expenditure on R&D since privately owned firms are not able to charge higher prices to recoup their R&D investments. However, Kim et al. (2012) argue that private ownership does not by itself explain the fall in R&D. According to these authors, only when private ownership operates in a liberalised market does privatisation have negative effects on R&D. This supposed interaction between liberalisation and privatisation leads the authors to an implicit defence of private monopolies and the debateable benefits for R&D of the appropriation of monopoly rents. On the contrary it can be argued that public ownership, and especially under monopoly conditions, could provide inefficient R&D financing. The Netherlands Bureau for Economic Policy Analysis (CPB) questions the interpretation of the literature on the evolution of R&D pointing out that, before reform, investment in innovation was inefficient and enjoyed an abundance of resources that were not justified by the objectives achieved. Less R&D is not necessarily the same as a lower degree of dynamic efficiency (Mulder et al., 2006 ). Second, the average size of firms is now smaller. This reduction in size is due to unbundling and to the inclusion, in competitive conditions, of new entrants into the wholesale and retail markets. Moreover, the adoption of new technologies for generation has reduced the average size of businesses. Theory generally shows that size is a barrier to entry for R&D (Cohen, 2010) . In the case of the energy sector this barrier is more evident as the structure of the market is still very concentrated (Acs and Audretsch, 1987 (2012) argue that the size of energy firms affects decisions on R&D and the objectives of the projects and find support for the Schumpeterian hypothesis, demonstrating that size positively affects R&D expenditure. In the literature, the only exception is Sterlacchini (2012) , who does not obtain significant results for the size variable. Scale appears generally to be associated with the availability of funds for the financing of R&D projects. Bigger firms have greater resources available and make more investments in R&D (Sanyal, 2007) , even if this association is not maintained when intensity is considered.
The entry of new agents into the energy industries, characterised by the use of lowemission technologies, has furthered a change in the composition and volume of R&D.
This change is mainly associated with the technology mix, which in turn depends heavily on energy policies. Hydraulic energy is related to the development of innovation and the R&D of renewable energies whereas nuclear and fossil energies act as barriers to entry for radical innovations (Markard and Truffer, 2006; . In other words, the technology mix can deter entry when incumbent utilities concentrate their portfolio on nuclear and fossil technologies. A competitive environment can, thus, have asymmetric effects on innovation by incentivising projects based on renewable and environment-friendly energy while penalising nuclear and fossil energies (Salies and Nesta, 2010 ). In such a context, incumbents will concentrate their R&D efforts on patenting previous innovations, or alternatively innovation will be targeted towards applications and existing assets (Jamasb and Pollit, 2008). Although the PITEC has notable advantages it has some limitations as well. One limitation is that the level of industry disaggregation is at two digits, making it impossible to accurately identify the specific activity of energy companies within the whole group of utilities. In Spain, all the gas and electricity companies are privately owned whereas almost all water companies are public. Hence, to improve the accuracy of the results we have removed firms that were publicly owned from the sample of utilities included in PITEC thus restricting the analysis to the private energy sector. The main characteristics of the firms in the Spanish energy industry (see Table 1 for descriptive statistics) show that they are, with an average size of more than 600 employees, much larger than firms in general. More than half the energy companies (59.1%) reported performing R&D activities and the mean R&D effort is 1.8%.
Although process innovation is much more frequent (65.6%) a substantial proportion of firms (39%) has also introduced product innovations. These data show in the same way 
Equations (1) and (2), that are estimated jointly, model the decision to spend on R&D or not and the R&D effort according to a set of explanatory variables -(Z it ) and (X it ) respectively-which are detailed below. Previous empirical analyses modelling R&D spending in utilities have also considered that research expenditure decisions are a twostep process (Sanyal and Cohen, 2009 ). Although there is no general consensus in the literature on how to measure either decisions it is considered that the selection equation
(1) is a strategic, longer term, to be or not an innovative company, while the second (2) is more focused on the short term, in setting annual or multi-annual budgets to be spent on R&D (Artés, 2009 ).
In both equations (1) and (2) In the intensity equation (2), we have also considered foreign capital, cooperation with other firms and institutions and particularly the variables related to the objectives of innovation. Firms may engage in innovation and devote resources to R&D for a number of different reasons. With the inclusion of these variables we are able to examine the relationship between the different forces that drive innovation activity and R&D intensity.
In Technological Innovation Surveys and also in the PITEC, innovative firms are asked to report the relevance and the degree of importance of innovation objectives.
Specifically, objectives oriented to product innovation (expansion of the range of goods and services, greater market share) and to process innovation (to increase production capacity, reduction of costs per unit of output) are considered. There are also other innovation objectives considered in the survey that in the energy sector may become relevant. On one hand, those R&D projects aimed at reducing the environmental impact of the activity and on the other hand, R&D projects designed to meet environmental health and safety regulations. In the estimation of equation (2) each of these objectives is measured by a dummy variable indicating whether the firm considers each specific factor to be of high importance.
In the third equation, the knowledge production function, we consider total innovation (process or product) but we also distinguish between these two different kinds of innovation outcome. In the estimations we exclude firms that meet the three following conditions: they have not innovated, they do not perceive any obstacle and state that they do no need to innovate. With this procedure we follow recent literature on barriers and innovation and we consider only firms that are potential innovators, avoiding cost, knowledge, market dominated by established firms, uncertain demand, no need to innovate due to prior innovations and no need to innovate because of a lack of demand for innovations. Each of these barriers is measured by a dummy variable indicating whether the firm considers the specific factor to be of high importance.
In addition to the explanatory variables, in the equations we take into account timeinvariant and unobservable specific firm characteristics and time effects in order to control for possible shocks arising from changes in the volatile economic cycle covered in the analysis and regulatory changes that have occurred in the sector and that may have had an effect on the R&D and innovation behaviour of energy companies as well.
ESTIMATION, RESULTS AND DISCUSSION
Most of the empirical work on the estimation of the impact of innovation on productivity has relied on the CDM model explained schematically in the previous section. This model is essentially a recursive system in which a first block explains both the probability of doing R&D and the intensity of the R&D undertaken; and a second block analyses the probability of being innovative, and the extent of product and/or process innovation. Finally, a third block (not estimated in this paper), uses the innovation output and other explanatory variables in order to estimate a productivity equation.
Generally, the model is static and unidirectional (productivity does not affect R&D or innovation) and it is estimated using cross-section data. These characteristics reflect the However, as explained in the previous section as well, we do have a panel of firms. In this case, efficiency gains in the estimation are expected since it is possible to take into account differences between firms that may be related to variables not included in the empirical model. Generally speaking, not controlling for these frequently unobserved factors can lead to biased estimates. A standard solution for this problem is the estimation of fixed or random effects models for panel data, and it is the approach we follow in the estimation. Unfortunately, the small sample of energy firms included in the PITEC and used in this paper impedes a full dynamic consideration of the model. In a static framework, the initial conditions problem is not an issue and we will not tackle it here. Fortunately, the model is flexible enough to nest several different specifications (with or without dynamics or sample selection), yet allowing for a more efficient joint estimation of parameters.
Estimation procedure
In order to efficiently estimate the first block of the CDM model, the proposed In our case, equations (1) and (2) -the first block of the CDM model where we analyse the drivers of R&D (characteristics of the firms and reasons to engage in innovation)-, are jointly estimated using this relatively novel estimator to control for selection bias and unobserved heterogeneity. In these estimations we include the main characteristics such as size, age, public support, cooperation and foreign capital that, following the literature, are related to the decision to do R&D and to the effort. We also include the variables that capture the reasons to innovate or objectives (oriented to product innovation, oriented to process innovation, reducing environmental impact and to meet regulations).
The third equation, where we examine the effect of the different obstacles to innovation,
-the second block of the CDM model-is estimated using a random effects probit model defined as follows:
{ where is the unobservable variable, is the observed outcome, is the predicted value of the outcome equation (2), is the observed vector of exogenous characteristics which influence , and are parameters to be estimated.
Furthermore, we can decompose the error term into two parts:
here the denote individual specific unobservable effects, assuming that ~ N( ) and is the iid N(0,1) random error. From this specification we know that
( )
The common error component means that, within individuals, the will be correlated by a magnitude
Since the realizations of are correlated, the common mean that the Ti observations on individual i are distributed according to a T-variate normal distribution, making the likelihood function really complicated. However, Butler and Moffitt (1982) showed that, because the dependence in the is completely due to the common variation in the , we can eliminate the higher order integrals by conditioning on the , and integrate them out of the likelihood. This approach limits us to evaluating onedimensional integrals, again by means of the Gauss-Hermite quadrature approximation.
In this specification, and in order to avoid some potential endogeneity problems, the vector of exogenous characteristics includes the predicted value for the firms' R&D effort taken from the previous estimations. We also include the size of the firms and the barriers that may hamper innovation. We consider barriers related to costs, knowledge, market and reasons for not innovating.
Results and discussion
With the estimation for the R&D equations with the use of a sample selection model we examine the effects of the explanatory variables on the decision to engage or not in R&D and on the amount of R&D expenditure. The results (Table 2) The estimations for the innovation equation (Table 3) show, as expected, that the main control variables -size and the estimated R&D intensity (resulting from the estimated parameters of the model in Table 2 The analysis of R&D drivers and obstacles to innovation has been carried out for the energy supply industry. However, other industries, such as component suppliers, the machinery industry or transport equipment, also play an important role in energy innovation. To include these sectors in the analysis would require further research and enough information to be able to differentiate their R&D and innovative activities related with energy from those not related to this sector. In the analysis carried out it should be also taken into account that the available information does not allow differentiation between the firms that perform their activity in the absolutely liberalised segments of the energy market from those in segments where some regulation exists. To distinguish between these types of firms would allow an analysis of whether there are some differences in their R&D and innovative behaviour. Note: All regressions include time dummies to control for year-specific effects. Standard errors in parentheses and *** denotes significant at 1%, ** denotes significant at 5% and * denotes significant at 10%. Note: All regressions include time dummies to control for year-specific effects. Standard errors in parentheses and *** denotes significant at 1%, ** denotes significant at 5% and * denotes significant at 10%. Note: All regressions include time dummies to control for year-specific effects. Standard errors in parentheses and *** denotes significant at 1%, ** denotes significant at 5% and * denotes significant at 10%. Note: All regressions include time dummies to control for year-specific effects. Standard errors in parentheses and *** denotes significant at 1%, ** denotes significant at 5% and * denotes significant at 10%. In the bivariate probit (assuming normality of the error terms) the correlation parameter ρ provide information about the covariation of the error terms.
